i«<w.MTOflgofi.CT.«cciZ5i 


REPORT  DOCUMENTATION  PAGE 


lb.  RESTRICTIVE  MARKINGS  $  c*  •  »  ' 


«UHS 


4.  PERFORMING  ORGANIZATION  REPORT  NUM8ER(S) 

1990-16 


la.  NAME  OF  PERFORMING  ORGANIZATION 

University  of  Pennsylvania 


1  OlSTRllUTION  / AVAILABILITY  OF  REPORT 

Distribution  Unlimited 


S.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6b.  OFFICE  SYMIOL  7*  NAME  OF  MONITORING  ORGANIZATION 
(If  sppticsbk) 

ONR 


7b.  AOORESS  (G'ty,  State.  snd  Z/P  Code) 


800  N.  Quincy  Street 
Arlington,  VA  22217-5000 


8b.  OFFICE  SYMBOL  I  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 


(It  spplicsblt) 


6c  AOORESS  (Cry.  Stir*,  snd  l»  Code) 
University  of  Pennsylvania 
Department  of  Chemistry 
Philadelphia,  PA  19104-6323 


6a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

DARPA 


8c  AOORESS  (Cfy.  Stitt,  tnd  Itf  Code) 

1400  Wilson  Blvd. 

Arlington,  VA  22209-2308 


J1.  TITIE  (Intlude  Setunty  Osuifkstion) 

"IMPEDANCE  PROFILING:  A  CONVENIENT  TECHNIQUE  FOR  DETERMINING  THE  REDOX  OR  PROTONIC 
ACID  DOPING  CHARACTERISTICS  OF  CONDUCTING  POLYMERS" 


10  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM  I  PROJECT 
ELEMENT  NO.  I  NO. 


PROJECT 

TASK 

NO. 

NO 

12.  PERSONAL  AUTHOR(S)  d  B  Swanson,  A.G.  MacDiarmid  and  AJ.  Epstein 


7«<*.  f-. 

L  t  1 

K  ■ 


13a.  TYPE  OF  REPORT 

Technical 


16.  SUPPLEMENTARY  NOTATION 


13b  TIME  COVERED  14.  DATE  OF  REPORT  (Year.  Month 

from  (]6-01-90.  to  10-31-91  March  18.  1991 


COSATI  COOES 


GROUP 


18.  .SUBJECT  TERMS  (Continue  on  reverse  it  necttury  tnd  identify  By  Moci  number) 

-1  yimpedance  profilingTpolyacetylene,  conductivity,  alternating  cun$ht 


19.  ABSTRACT  ( Continue  on  reverse  if  neceusry  i'-d  identify  by  bicxk  number) 

"A  technique  for  rapidly  determining  the  conductivity  of  a  conducting 
polymer  film  as  it  is  doped  in  an  aqueous  or  non-aqueous  medium  is  presented. 
The  technique  is  particularly  useful  for  rapid  screening  of  new  potential 
dopants.  It  is  applicable  to  redox  or  protonic  acid  doping.  Experimental  con¬ 
ditions  can  be  modified  to  optimize  conductivity  and  study  other  related 
effects;  these  optimum  conditions  can  subsequently  be  used  for  large  scale 
doping  by  conventional  synthetic  methods.  Results  for  the  oxidative  doping  of 
trans- <CH),  in  HBF4  (48%  aq.)/H202,  and  it/  fcF3COOH  (80%,  aq.)/H202,  for  cis- 
(CH) x  in  iodine/CCl^,  and  for  polyaniline  doped  in  aq.  HC1  at  different  pH 

values  are  presented. 


20.  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT  21.  ABSTRACT  SECURITY  CLASSIFICATION 

Qunoassifiedajnlimited  □  same  as  RPT.  □  OTIC  USERS  Unclassified  _  _ 


22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL  22b.  TELEPHONE  (Include  Arts  Code)  22c.  OFFICE  SYMBOL 

AJan  G.  MacDiarmid _ _  _ 215-898-8307 _ 


DD  fORM  1473,  84  MAR  83  APR  edition  may  be  vied  until  exhausted.  SECURITY  CLASSIFICATION  OF  THIS  RAGE 


All  other  edition?  art  obsolete. 


OFFICE  OF  NAVAL  RESEARCH 


GRANT  NO.:  N00014-90-J-1559 

R  &  T  CODE  NO.:  A400004DF3 

TECHNICAL  REPORT  NO.:  1990-16 


"IMPEDANCE  PROFILING:  A  CONVENIENT  TECHNIQUE  FOR  DETERMINING  THE  REDOX  OR 
PROTONIC  ACID  DOPING  CHARACTERISTICS  OF  CONDUCTING  POLYMERS" 


by 


D.B.  Swanson,  A.G.  MacDiarmid  and  A.J.  Epstein 


Accepted  for  Publication  in 
Synthetic  Ms.tals.  In  Press  (1990) 


University  of  Pennsylvania 
Department  of  Chemistry 
Philadelphia,  19104-6323 


March  18,  1991 


Reproduction  in  whole  or  in  part  is  permitted  for  any  purpose  of  the  United  States 
Government. 


This  document  has  been  approved  for  public  release  and  sale;  its  distribution  is 
unlimited. 
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ABSTRACT 

A  technique  for  rapidly  determining  the  conductivity  of  a  conducting 
polymer  film  as  it  is  doped  in  an  aqueous  or  non-aqueous  medium  is  presented. 
The  technique  is  particularly  useful  for  rapid  screening  of  new  potential 
dopants.  It  is  applicable  to  redox  or  protonic  acid  doping.  Experimental  con¬ 
ditions  can  be  modified  to  optimize  conductivity  and  study  other  related 
effects;  these  optimum  conditions  can  subsequently  be  used  for  large  scale 
doping  by  conventional  synthetic  methods.  Results  for  the  oxidative  doping  of 
trans- (CH)X  in  HBF*  (48%  aq.)/H202,  and  in  CF3COOH  (80%,  aq.)/H202,  for  cis- 
(CH) x  in  iodine/CCl4,  and  for  polyaniline  doped  in  aq.  HC1  at  different  pH 

values  are  presented. 

INTRODUCTION 

We  present  a  technique  for  monitoring  the  in-situ  conductivity  of  a 
conducting  polymer  during  doping  for  the  simple  and  rapid:  (1)  determination 
of  whether  or  not  a  given  reagent  will  dope  a  conducting  polymer;  (2) 
determination  of  the  relative  effectiveness  of  different  dopants  in  terms  of 
the  conductivity  obtained  under  a  given  set  of  experimental  conditions;  (3) 
determination  of  the  optimum  time,  temperature,  dopant  concentration,  etc., 
conditions  for  obtaining  maximum  conductivity;  and  (4)  determination  of  the 
conductivity  vs  doping  time  relationship. 

The  in-situ  impedance  of  a  conducting  polymer  film  was  monitored  by  a  two 
probe  device  when  surrounded  by  an  aqueous  or  non-aqueous  solution  of  dopant. 
In  order  to  minimize  electrolysis  and  related  polarization  effects  in  aqueous 
solution,  a  1  kHz  AC  signal  was  applied  across  a  polymer  film  attached  to  two 
platinum  wire  electrodes.  The  RMS  voltage  and  the  current  between  them  was 


measured  as  a  function  of  time.  Because  the  conductivity  of  these  doped  films 
is  relatively  frequency  independent  from  102  to  104  Hz.  [1,2],  we  assume  as  a 
first  approximation  that  the  impedance  is  purely  resistive  and  is  parallel  to 
the  impedance  of  the  solution.  The  total  impedance,  Ztotal,  is  given  by  the 
relationship : 


^total  Zsoin> 

where  Ztotal*  zfilm  and  zsoln.  are  the  total  impedance,  impedance  of  the 
polymer  film,  and  impedance  of  the  solution,  respectively.  If  Ztotai  and 
zsoln.  can  be  determined  experimentally,  then  Zfiim  can  be  calculated  and  is 
taken  to  approximate  the  impedance  of  the  film.  Since  the  dimensions  of  the 
film  between  the  two  platinum  electrodes  is  known,  the  conductivity,  a( AC,  2- 
probe,  wet),  can  be  determined. 


RESULTS 

A  device  was  fabricated  from  Teflon  as  illustrated  in  Figure  1(a).  Part  A 
had  0.010  inch  diameter  platinum  wires  threaded  through  it.  These  were  sealed 
in  place  with  paraffin  wax.  The  film  to  be  studied  was  placed  on  part  A, 
between  the  exposed  portions  of  the  platinum  wires,  and  part  B  was  clamped  on 
top  with  the  two  Teflon  clamps.  The  film  was  essentially  completely  exposed 
on  both  sides  to  the  doping  environment. 
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Fig.  1.  (a)  Diagram  of  in-si tu  conductivity  device;  (b)  Schematic  diagram  of 
circuit  used  in  A.C.  conductivity  measurements 


The  experimental  setup  is  illustrated  in  Figure  1(b).  An  Iwatsu  SG-4101 
function  generator  connected  in  series  with  a  Keithley  169  digital  multimeter 
in  AC  current  mode  was  used  to  generate  a  1  kHz  sine  wave.  The  Teflon  device 
was  connected  in  series  with  the  function  generator  and  multimeter,  and 
another  Keithley  169  multimeter,  in  AC  voltage  mode,  was  connected  across  the 
device.  A  voltage  between  60  and  200  mV  was  typically  used. 

The  Teflon  device  was  immersed  in  a  beaker  filled  with  the  dopant  solution. 
Current  and  voltage  measurements  were  recorded  at  one  minute  intervals. 


Modification  of  the  doping  medium,  e.g.,  addition  of  oxidant,  was  made  at 
Appropriate  times,  ^total  was  calculated  (Ztotal  “  v/ i)  ,  and  plotted  vs  time. 

A  blank  with  no  film  present  in  the  device  was  run  under  identical  conditions 
to  measure  Zso]_n.,the  impedance  of  the  solution. 

After  in-sit u  conductivity  measurements  were  completed  the  polymer  films 
were  removed  from  the  device  and  dried  by  pumping  on  a  high  vacuum  line. 

Their  conductivities,  a( D.C.,  4-probe,  dry),  were  then  measured.  Pieces  of 
f ree-standing  polymer  film  can  be  placed  in  the  doping  medium  and  removed  at 
any  appropriate  time  during  a  given  experiment  in  order  to  measure  their 
<j(D.C. ,  4-probe,  dry),  IR  or  VIS-UV  spectra  or  to  determine  their  elemental 
composition,  etc. 


Fig.  2.  (a) Doping  profile  of  trans- (CH) x  in  43%  (aq. ) f luoboric  acid,  HBF4 
(solution  made  0 . 1M  in  H202  at  "x")  ;  (b)  three  doping  profiles  of  trans-(CH)x 
in  80%  (aq.)  trif luoroacetic  acid,  CF3COOH  (solution  made  0.05-0.005M  in  H202 
at  "x") 

The  oxidative  doping  of  polyacetylene,  where  the  oxidant,  H202,  is 
different  from  the  dopant  anion,  (BF4)~  (3]  is  illustrated  in  Figure  2a.  A 
sample  of  trans- (CH)X  in  the  Teflon  device  was  immersed  in  48%  aq.  HBF 4  and 
total  impedance  was  plotted  as  a  function  of  time.  The  slow  decrease  in 
impedance  with  time  up  to  point  "x",  where  H202  was  added  is  probably  due  to 
the  known  oxidative  doping  of  (CH)X  by  traces  of  02  dissolved  in  the  H8F4  [3]. 
At  time  "x",  a  quantity  of  H202  was  added  to  make  the  solution  0 . 1M  in  H202  .  A 
rapid  drop  in  Ztotal  is  evidence  for  oxidative  doping.  Zsoin.  is  taken  as  the 
value  for  a  blank  run  under  identical  conditions;  Ztotal  at  30  minutes  was 
used  to  calculate  Zfijjn.  A  value  of  d(AC,  2-probe,  wet)**  15.6  S/cm  was 
obtained.  After  drying  the  film  under  dynamic  vacuum  for  24  hours  a  value  of 
<T(DC,  4-probe,  dry)-  15.7  S/cm  was  obtained[3J. 

Figure  2(b)  illustrates  doping  of  trans- (CH)  x  in  80%  aqueous 
trif luoroacetic  acid.  At  time  "x"  various  amounts  of  H202  were  added  in 
different  experiments  to  give  varying  concentrations  of  oxidant.  It  can  be 
seen  that  the  optimum  conductivity  is  obtained  at  a  concentration  of  0.01M 
H202.  The  maximum  d(A.C,  2-probe,  wet)  at  this  concentration  was  1.6  S/cm. 


The  doping  profile  of  cis- (CH)X  surrounded  by  a  saturated  solution  of 
iod,ine  in  CCI4  is  shown  in  Figure  3(a).  Since  the  impedance  of  the  solution  is 
>  20  x  10®  ohms,  Zfii^  is  approximately  equal  to  Ztotal-  The  O  (AC,  2-probe, 
wet)  was  580  S/cm  and  after  drying  under  dynamic  vacuum  for  1  hour  the 
corresponding  <T(DC,  4-probe,  dry)  was  606  S/cm. 


Fig.  3(a)  Doping  profile  of  cis-(CH)x  immersed  in  a  saturated  solution  of 
iodine  in  CCI4  (b)  Protonic  acid  (HC1)  doping  of  polyaniline  film  (emeraldine 
base)  at  pH  -  1.0,  2.0,  and  3.0 

Figure  3(b)  3hows  the  use  of  this  technique  for  studying  the  protonic  acid 
doping  of  a  free-standing  film  of  polyaniline  (emeraldine  base) .  The  film  in 
the  device  was  immersed  in  distilled  water  brought  to  a  specific  pH  by  the 
addition  of  HC1.  The  doping  profile  is  clearly  shown.  After  each  of  the  120 
minute  experiments,  the  polyaniline  samples  were  removed  and  dried  at  room 
temperature  under  dynamic  vacuum  for  3  hours  and  4-probe  dc  conductivity 
values  measured.  The  corresponding  conductivities  are:  (1)  pH  -  1.0,  d(AC,  2- 
probe,  wet)-  20.2  S/cm,  <J(DC,  4-probe,  dry)-  5.1  S/cm;  (2)  pH  -  2.0,  o(AC,  2- 
probe,  wet)-  0.66  S/cm,  <7  (DC,  4-probe,  dry)-  0.18  S/cm;  (3)  pH  -  3.0,  0( AC, 
2-probe,  wet)-  9.2  x  10"3  S/cm,  d(DC,  4-probe,  dry)-  2.4  x  10"3  S/cm. 
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